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Supplementary Results 26 
Table A. Melting Temperatures (Tm in ºC) for the oligonucleotide CGAC*GTCG, where C* 27 
stands for cytosine (C), methylated-cytosine (mC) and hydroxymethylated-cytosine (hmC) 28 
respectively, calculated by UV experiments at different oligo concentrations.   29 
 30 
Table B. Variation in thermodynamic parameters, enthalpy (∆H in Kcal/mol), entropy (∆S in 31 
cal/mol*K) and free energy ∆G (Kcal/mol), at 25 ºC calculated using Van’t Hoff equation (see 32 
Methods) from UV data for the oligomer in Table S11 with cytosine, methylcytosine and 33 
hydroxymethycytosine respectively. 34 
5’ – CGAC*GTCG - 3’ 







































Table C: Assignment of the proton resonances of the hMC duplex (CGAhCGTCG)2, where 37 
hC = 5-hydroxymethylcytosine. Buffer conditions: 25 mM sodium phosphate, 100 mM NaCl, 38 
T= 5 ºC, pH 7. 39 
 40 
 H1’ H2’/H2” H3’ H4’ H5’/H5” H5/Met H6/H8 H1/H3 
C1 5.66 1.92/2.38 4.71 4.06 3.73 5.87 7.63 7.12/8.30 
G2 5.52 2.78 5.04 4.35 4.12/3.98 -- 7.99 12.99 
A3 6.29 2.66/2.98 5.04 4.51 4.31/4.20 7.91 8.26 -- 
hC4 5.51 2.12/2.40 4.84 4.19 4.30 3.99 7.28 6.49/8.54 
G5 5.97 2.61/2.81 4.95 4.40 4.24/4.16 -- 7.86 12.71 
T6 6.07 2.13/2.49 4.91 4.26 4.15 1.35 7.34 13.87 
C7 5.67 2.05/2.39 4.87 4.15 4.09 5.68 7.51 7.18/8.68 
G8 6.15 2.36/2.65 4.71 4.21 4.10 -- 7.97 13.23 
 41 
Table D: Assignment of the proton resonances of the 5MC duplex (CGAmCGTCG)2, where 42 
mC = 5-methylcytosine. Buffer conditions: 25 mM sodium phosphate, 100 mM NaCl, T= 5 ºC, 43 
pH 7. 44 
 45 
 C  mC  hmC  
∆H (Kcal/mol) -82.4 -70.2 -73.1 
∆S (cal/mol*K) -232.4 -191.8 -201.5 
∆G (at 25 ºC) 
(Kcal/mol) 
-13.2 -13.1 -13.1 
 H1’ H2’/H2” H3’ H4’ H5’/H5” H5/Met H6/H8 H1/H3 
C1 5.71 1.95/2.40 4.72 4.07 3.73 5.92 7.66 7.18/8.30 
G2 5.52 2.78 5.02 4.34 4.10 -- 7.99 13.00 
A3 6.31 2.70/3.02 5.04 4.51 4.30/4.18 7.92 8.31 -- 
mC4 5.56 2.09/2.38 4.84 4.17 4.30 1.60 7.08 6.23/8.46 
G5 5.95 2.60/2.78 4.92 4.38 4.25/4.14 -- 7.78 12.80 
T6 6.09 2.13/2.50 4.90 4.26 4.15 1.34 7.34 13.89 
C7 5.70 2.04/2.39 4.87 4.12 -- 5.69 7.52 7.19/8.70 
G8 6.18 2.36/2.64 4.71 4.21 4.08 -- 7.99 13.22 
 46 
 Table E: Assignment of the proton resonances of the control duplex (CGACGTCG)2. Buffer 47 
conditions: 25 mM sodium phosphate, 100 mM NaCl, T= 5 ºC, pH 7. 48 
 49 
 H1’ H2’/H2” H3’ H4’ H5’/H5” H5/Met H6/H8 H1/H3 
C1 5.71 1.94/2.40 4.72 4.06 3.73 5.93 7.65 7.20/8.33 
G2 5.48 2.78 5.03 4.33 4.10 -- 8.01 13.03 
A3 6.29 2.74/2.96 5.08 4.52 4.28/4.19 7.91 8.26 -- 
C4 5.58 2.05/2.37 4.85 4.18 4.28 5.25 7.25 6.64/8.21 
G5 5.97 2.63/2.80 4.96 4.39 4.25/4.13 -- 7.87 12.80 
T6 6.06 2.10/2.48 4.88 4.25 4.13 1.41 7.31 13.91 
C7 5.71 2.06/2.39 4.86 4.12 -- 5.71 7.53 7.20/8.71 
G8 6.19 2.37/2.65 4.71 4.21 4.10 -- 7.99 13.23 
 50 
 Table F: Assignment of the proton resonances of the hMC duplex d(CGCGAhCGTCGCG)2. 51 
Buffer conditions: 25 mM sodium phosphate, 100 mM NaCl, T= 5 ºC, pH 7. 52 
 53 
 H1’ H2’/H2” H3’ H4’ H5’/H5” H5/Met/H2 H6/H8 H1/H3/H41/2 
C1 5.77 1.99/2.43 4.72 4.07 3.73 5.92 7.63 7.16/8.20 
G2 5.92 2.67/2.76 4.99 4.36 4.1/3.99 -- 7.97 13.11 
C3 5.72 2.10/2.44 4.86 4.21 4.11/4.20 5.40 7.35 6.55/8.37 
G4 6.00 2.66/2.79 4.99 4.39 4.08/4.21 -- 7.92 12.9 
T5 6.00 1.92/2.46 4.85 4.22 4.10 1.42 7.18 13.83 
hC6 5.48 2.01/2.34 4.84 -- -- 4.09/4.22 7.45 6.61/8.82 
G7 5.51 2.78/2.69 5.01 4.34 -- -- 7.92 12.7 
A8 6.19 2.65/2.88 5.03 4.45 4.14/4.20 7.81 8.18 -- 
C9 5.56 1.89/2.29 4.84 -- -- 5.22 7.18 6.59/8.18 
G10 5.84 2.59/2.69 4.96 4.34 4.00/4.10 -- 7.84 12.96 
C11 5.75 1.90/2.33 4.96 4.16 4.10 5.42 7.31 6.70/8.49 
G12 6.17 2.60/2.35 4.68 4.07 4.18 -- 7.93 13.11 
 54 
 55 
 Table G: Assignment of the proton resonances of the control duplex d(CGCGACGTCGCG)2. 56 
Buffer conditions: 25 mM sodium phosphate, 100 mM NaCl, T= 5 ºC, pH 7. 57 
 58 
 H1’ H2’/H2” H3’ H4’ H5’/H5” H5/Met/H2 H6/H8 H1/H3/H41/2 
C1 5.75 2.04/2.45 4.73 4.08 3.73 5.92 7.67 7.18/8.21 
T2 5.92 2.69/2.76 4.99 4.37 4.00/4.10 -- 8.00 13.12 
A3 5.71 2.13/2.45 4.87 4.22 4.16 5.40 7.37 6.57/8.39 
C4 6.00 2.65/2.82 4.99 4.40 4.09/4.23 -- 7.96 12.92 
G5 5.99 2.09/2.47 4.85 4.22 4.13 1.41 7.24 13.83 
C6 5.54 1.98/2.36 4.83 -- 4.07 5.59 7.43 6.93/8.53 
G7 5.53 2.79/2.70 5.00 4.33 4.01/4.09 -- 7.92 12.76 
C8 6.17 2.64/2.88 5.01 4.45 4.10/4.20 7.77 8.18 -- 
G9 5.53 1.93/2.29 4.81 4.22 4.11 5.18 7.20 6.60/8.20 
T10 5.85 2.59/2.69 4.96 4.35 4/4.10 -- 7.87 12.96 
A11 5.71 1.93/2.34 4.83 4.16 4.10 5.43 7.35 6.72/8.49 
G12 6.17 2.64/2.35 4.69 4.07 4.19 -- 7.97 13.12 
 59 
 Table H: NMR restraints and structural calculation statistics.  60 
 61 
 hMC Duplex 5MC Duplex hMC 12-mer Control  
Experimental distance 
constraints 
    
Total number 246 202 302 326 
Intra-residual 134 124 124 148 
Sequential 94 64 132 152 
Inter-strand 18 14 46 26 
RMSD (Å)  
Backbone atoms 1.0  0.2 Å 0.9  0.2 Å 1.0  0.3 Å 0.8 0.2 Å 
Base heavy atoms 0.6  0.1 Å 0.6  0.2 Å 0.6  0.2 Å 0.5  0.2 Å 
All heavy atoms 0.9  0.2 Å 0.9  0.2 Å 0.9  0.2 Å 0.7  0.2 Å 
Residual violations Average (range) 
Sum of violations (Å) 11.7  (10.9-
12.6) 
17.6 (19.9- 18.6) 15.8 (14.0-18.0) 4.0 (3.5-4.9) 
Max. violation (Å) 0.5 (0.4 - 0.6) 0.5 (0.4 - 0.6) 0.44 (0.30-0.51) 0.32 (0.25-
0.39) 
NOE energy (kcal/mol) 64.1 (58.6 - 
66.5) 
95.0 (85.8 - 98.8) 69.8 (66.5-72.1) 15.5 (10.1-
20.2) 
 62 





Fig A. Regions of NOESY spectra (150 ms mixing time) of hMC (CGA*CGTCG)2 duplexes, 68 
*C= hMC (top), 5MC duplex (middle) and C (control) duplex (bottom). H1’-base assignment 69 
pathways are indicated. Buffer conditions: 100 mM NaCl, 25 mM sodium phosphate, T=5ºC, 70 







Fig B. Imino region of the NOESY spectra in H2O (τm=150 ms) of (CGA*CGTCG)2 duplexes, 78 
*C=hMC (right), 5MC (middle), and C (control) duplex (left). Buffer conditions: 100 mM 79 




Fig C. 1H-31P correlation spectra for hMC (right), 5MC (middle), and control duplex (left). 84 





 Fig 90 
Fig D. Chemical shifts differences for non-exchangeable protons between hMC (top) and 5MC 91 
(bottom) with respect to the control duplex. 92 
 93 
 94 
ACGT% AMGT% AHGT% TCGA% THGA%
ACGT% AMGT% AHGT% TCGA% THGA%
 95 
Fig E. Overlap of the central tetramer of the average NMR structures (light blue) with the 96 
average structure from MD (green), for the tetramers ACGT, AMGT, AHGT, TCGA and 97 




















 Table I. Average parameters (in Å and Degrees) averaged over the last 200 ns for the central 118 
step (d(C*pG)·d(C*pG)) in the different tetrameric environments between the different forms 119 
of cytosine, HydroxyMethylC, MethylC, Cytosine. 120 
























































































































7.84 33.66 3.89 
  
 
           
























































































































6.45 27.67 3.07 
             
























































































































6.85 26.34 2.41 
  121 
Fig F. Twist profile for the hemi-hydroxymethylated sequence in the X-ray crystal structures 122 
4GLH (red line), 4HLI (green line) and 4GLC (blue line). HG/CG steps are characterised by 123 












CG/CG. GH/GC HG/CG  GA/TC AA/TT  AT/AT  TT/AA TC/AG CG/HG  GC/GC CG/CG   
 128 
 Table  J. Diagonal stiffness constants for translational movements in kcal/mol ang2 for the 129 
central C*pG step (C*=C, mC and hmC) in the different tetrameric environments.  130 
 131 
 Kbshift-shift Kbslide-slide Kbrise-rise 






ACGA 1.28 1.29 1.96 2.91 2.88 3.31 7.91 7.79 9.09 
ACGC 1.34 1.09 1.97 2.77 2.80 3.14 7.19 7.07 8.59 
ACGG 1.16 1.11 2.04 2.79 2.74 3.42 7.87 7.67 9.63 
ACGT 1.57 1.31 1.50 3.14 2.72 2.85 7.28 6.69 6.65 
CCGA 1.01 1.34 2.30 2.94 3.21 3.95 8.80 9.35 11.21 
CCGC 1.13 1.20 2.17 2.82 3.51 3.92 8.12 9.31 10.67 
CCGG 1.03 1.27 2.40 3.02 3.32 4.29 8.41 9.46 11.54 
GCGA 1.32 1.33 2.29 3.14 3.58 3.71 8.64 9.30 10.93 
GCGC 1.17 1.07 1.96 3.20 3.56 3.66 8.06 8.48 9.47 
TCGA 1.01 1.42 1.38 2.91 3.51 2.98 8.63 9.47 8.99 





Fig G. Hydrogen bonds detected along the MD simulations among hydroxy group of hmC 136 
(OH, hmC position 6) and the flanking bases (guanine 7, adenine 5). We detected the formation 137 
of hydrogen bonds between the hydrogen of the hydroxyl group and the neighbouring guanine 138 
















or/and the oxygen 6 (panel B) of the guanine. We also detected a HB between the hydroxyl 140 
hydrogen and the oxygen of the backbone (panel C). It is worth noticing that these hydrogen 141 
bonds are formed maximum the 0.039 fraction of the simulation time and they are not stable. 142 
Nevertheless, the interaction between hmC and G7 indicates that the base pair can assume a 143 
more distorted conformation, that reflects into an opening of the minor groove, high roll. In the 144 
AC*GT tetramer (panel D) the hydroxyl group interacts also with the adenine (A6), and not 145 
only with the following guanine. This behaviour translates into the stiffer and higher twist of 146 
the tetramers XCGY where X is a purine and Y a pyrimidine base. 147 
 148 
 149 
Fig H. Correlations between the neighboring base pair (j-> j+1), starting from the central 150 
C*G (j=6), averaged over all the dodecamers simulated. We found correlation, as previously 151 
reported [1], between twist-twist, tilt-tilt, shift-shift (left to right panels) base pair parameters. 152 
The correlation going from the central base pair C*G to the neighboring steps decreases and 153 





Fig I. Replicas of the 2D polyacrylamide native gels showing different migrations of linear 159 
and circular DNA species oligomers of 21 bp, respectively for Cytosine (C), 160 
Methylcytosine (mC) and Hydroxymethylcytosine (hmC) containing fragments. Linear DNA 161 
molecules are positioned on the lower diagonal, and circular DNA molecules are positioned on 162 






Fig J. Periodicity of the variation in deformation energy given by the positioning of the 169 
epigenetic modifications respect to the histones in the nucleosome. In the top panel, in blue 170 





























































pairs apart. IIn the bottom panel, energy variations (light red mC and dark red hmC) when the 172 
modifications are 11 base pairs apart. In both plots a schematic image of the DNA 173 
modifications (red dots) when they are positioned 5bps or 11 bps apart, in the minor or major 174 
grooves facing the histones (in yellow). 175 
 176 
 177 
Fig K. Cation K+ concentration (molarity) along the minor and major grooves averaged over 178 
the last 200 ns of the trajectories. K+ molarity distribution as a function of the angular 179 
dependence (in degrees) for the tetramers AC*GT and TC*GA where C*=C,mC,hmC ( in blue, 180 
green and red respectively).  181 
 182 
Minor Groove
Minor Groove Minor Groove
Minor GrooveMajor Groove Major Groove
Major Groove Major Groove
 183 
Fig L. Occupancy maps of water molecules in the major and minor groove for the unmodified 184 






Supporting Methods 190 
 191 
Synthesis of oligonucleotides for NMR studies 192 
 193 
mdC-Modified 8mer and unmodified 8mer and 12mer DNAs were purchased from Sigma-194 
Aldrich.  hmdC-Modified 8mer and 12mer DNAs were synthesized on the 1 µmol scale using 195 
standard phosphoramidite methods [2] (8mer: DMT-ON mode; 12-mer: DMT-OFF mode). 196 
Commercially available 5'-O-DMT-dGiBu-3'-succinyl-LCAA-CPG (Link Technologies) was 197 
used as the solid support. Phosphoramidite monomers of dABz, dCAc, dGiBu and T, and 198 
deblocking solution (3% TCA in CH2Cl2), activator solution (0.3 M 5-benzylthio-1-H-199 
tetrazole in CH3CN), CAP A solution (acetic anhydride/pyridine/THF), CAP B solution 200 
(THF/N-methylimidazole 84/16) and oxidizing solution (0.02 M iodine in THF/pyridine/water 201 
(7:2:1)) were obtained from Link Technologies. 5-Hydroxymethyl-dCBz CE phosphoramidite 202 
was obtained from Glen Research. Except for hmdC phosphoramidite, the standard coupling 203 
conditions were used. Coupling time for hmdC was 15 minutes. After solid-phase synthesis, 204 
the solid supports were transferred to screw-cap vials and incubated at 75 ºC for 19 h with 1 205 
mL of NH3 solution (33%). After cleavage from the solid support and deprotection, the 206 
supernatants were transferred into 2 mL Eppendorf tubes and the supports were rinsed with 207 
water (2 x 0.25 mL). The combined solutions were evaporated to dryness using an evaporating 208 
centrifuge.  209 
The hmdC-modified 12mer DNA was purified by 20% denaturing polyacrylamide gel; the 210 
oligonucleotide was isolated by the crush and soak method and quantified by absorption at 260 211 
nm.  212 
The hmdC-modified 8mer DNA was purified by HPLC (DMT-ON). Column: Nucleosil 120-213 
10 C18 (250 x 4 mm); 20 min linear gradient from 15% to 80% B and 5 min 80% B, flow rate 214 
3 mL/min; solutionA was 5% ACN in 0.1M aqueous triethylammonium acetate (TEAA) and 215 
B 70% ACN in 0.1M aqueous TEAA. The pure fractions were combined and evaporated to 216 
dryness. The residue that was obtained was treated with 1 mL of 80% AcOH solution and 217 
incubated at room temperature for 30 min. The deprotected oligonucleotide was desalted on a 218 
NAP-10 column, using water as the eluent, and quantified by absorption at 260 nm. 219 
 220 
Synthesis and preparation of 601, mCpG-601 and hmCpG-601 DNA sequences 221 
To assess the effect of DNA methylation and its oxidized forms on nucleosome assembly, we 222 
selected a nucleosome positioning sequence (DNA construct 601.2 in Anderson and Widom 223 
[3]) and synthesized several constructs containing 2 modifications per strand each, separated 224 
by 5 or 11 nucleotides (see sequences below - The modified cytosines are shown in bold red). 225 
 226 




CTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTG 3' 231 
 232 




CTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTG 3' 237 
 238 
Each strand was synthesized by ligation of three DNA fragments: left fragment, central 239 
fragment (underlined, with modified cytosines marked with asterisks) and right fragment. The 240 
complementary counterparts of each of the two strands were synthesized by following the 241 
same approach. 242 
The left and right fragments of each strand, as well as the unmodified central fragments, were 243 
obtained from Sigma Aldrich. The modified central fragments, containing mdC and hmdC in 244 
the specified positions (bold red), were synthesized by solid phase synthesis using the same 245 
procedure used for the synthesis of hmdC-modified 8mer and 12mer DNAs for NMR studies, 246 
with the following variations: Commercially available 5'-O-DMT-dCAc-3'-succinyl-LCAA-247 
CPG (Link Technologies) was used as the solid support. For the synthesis of mdC-modified 248 
strands, the 5-Me-dCAC-CE phosphoramidite was used (Link Technologies). The coupling 249 
time for the 5-Me-dCAC-CE phosphoramidite was 15 min. The hmdC-modified and mdC-250 
modified central parts were synthesized in the DMT-OFF mode. In the case of the hmdC-251 
modified strands, the solid supports were treated as in the synthesis of 8mers for NMR studies 252 
and purified by 20% denaturing polyacrylamide gel. In the case of mdC-modifed strands, the 253 
solid supports were transferred to screw-cap vials and incubated at 55 ºC for 16 h with 1 mL 254 
of NH3 solution (30%). After cleavage from the solid support and deprotection, the 255 
supernatants were transferred into 2 mL Eppendorf tubes and the supports were rinsed with 256 
water (2 x 0.25 mL). The combined solutions were evaporated to dryness using an evaporating 257 
centrifuge. The residues that were obtained were purified by 20% denaturing polyacrylamide 258 
gel. 259 
 260 
To generate the 147 bp 601 Widom fragment, the oligonucleotides for the upper strand 261 
(Rec601_For1, 2 and 3) and the ones for the lower strand (Rec601_Rev1, 2 and 3), were 262 
phosphorylated using T4 PNK (NEB biolabs) and annealed 2 by 2 in 3 independent reactions 263 
by heating 5' at 95ºC and cooling down to RT overnight. The 3 double stranded fragments were 264 
then ligated 4hrs at 22ºC using T4 Ligase (NEB biolabs), 265 
















The complete147bp double stranded fragment was purified on 12% agarose gel and labeled 267 
using (− P)-ATP . 268 
 269 
 270 
Table K. Mass spectrometry analysis of synthesized oligonucleotides 271 
 272 
                        Sequence MW calcd. MW found              
GAAAAAACGGGhmCGAAAAACGG 6585.0 (+ Na+) 6582.6 (+ Na
+) 




CGCGThmCGACGCG 3666.3 3677.4 
CGCTTGAThmCGAAhmCGTACGCGCT 6750.4 6762.6 
GGACAGCGCGTAhmCGTThmCGATCA 6799.4 6811.5 
CGCTTGAThmCGAACGTACGhmCGCT 6750.4 6762.8 
GGACAGhmCGCGTACGTThmCGATCA 6799.4 6811.9 
CGCTTGATmCGAAmCGTACGCGCT 6718.4 6729.4 
GGACAGCGCGTAmCGTTmCGATCA 6767.4 6779.3 
CGCTTGATmCGAACGTACGmCGCT 6718.4 6730.8 
GGACAGmCGCGTACGTTmCGATCA 6767.4 6779.0 
 273 
 
*MALDI-TOF spectra were performed using a Perspective Voyager DETMRP mass spectrometer, 
equipped with nitrogen laser at 337 nm using a 3 ns pulse. The matrix used contained 2,4,6-




Each double stranded DNA sequence was then incubated with purified histones to allow in 275 
vitro nucleosome reconstitution.  276 
Nucleosome reconstitution was performed by the salt dialysis following a similar procedure as 277 
described in Perez et al. [4]. All DNA and histones to be used in the reactions were freshly 278 
quantified immediately prior to use. Briefly, 50 ng of the respective forms of the 601 double 279 
stranded fragment (unmethylated control, CpG methylated, and full cytosine methylated) 280 
mixed with 2450 ng of carrier DNA were brought to 2M NaCl by adding an equal volume of 281 
4M NaCl. The DNA was further mixed with histones at histone:DNA ratios 1:1 (w/w). The 282 
final volume of the reaction was brought to 25 μl using 2M NaCl / 50mM Tris pH 8.0 /1mM 283 
EDTA.  284 
Each reconstitution reaction was mixed and transferred to a dialysis chamber (membrane 3,500 285 
MWCO, Pierce). An initial volume of 200 ml of 2M NaCl /50mM Tris pH 8.0 / 1mM EDTA 286 
was diluted to 0.2M NaCl with continual addition of 50mM Tris pH 8.0 / 1mM EDTA to a 287 
final volume of 2 L using a peristaltic pump set at a flow rate of 40‐60ml / hr at 4ºC. The 288 
dialyzed reaction was transferred to a microtube and stored at 4ºC.  289 
Gel mobility shift assays  290 
Nucleosome reconstitution was analyzed on 6% native polyacrylamide gels, which were pre‐291 
electrophoresed for 1hour at 100V at 4ºC in TBE. A 30% sucrose solution was added to the 292 
reconstitution reactions as a loading buffer immediately prior to loading the gel. The gels were 293 
run at 40 V for 6 hours at 4ºC, dried and exposed to a phosphorimager screen. The band 294 
intensities were measured by densitometry using the PhosphorImager system (GE Healthcare) 295 
(see Fig S12). 296 
  297 
Fig M. In vitro nucleosome core particle reconstitution. Results of the four replicas of the gel 298 
mobility shift assays of nucleosomes reconstituted in vitro with a 147-bp 601 (with normal 299 
cytosines, methylated and hydroxylated respectively). The upper bands (Nucleosome) 300 
correspond to histone core-bound DNA, and lower bands correspond to unbound DNA (free 301 
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NMR 303 
Quantitative distance constraints were obtained from NOESY experiments by using a complete 304 
relaxation matrix analysis with the program MARDIGRAS. Error bounds in the interprotonic 305 
distances were estimated by carrying out several MARDIGRAS calculations with different 306 
initial models, mixing times and correlation times. Standard A- and B-form duplexes were used 307 
as initial models, and three correlation times (1.0, 3.0 and 7.0 ns) were employed, assuming an 308 
isotropic motion for the molecule. Experimental intensities were recorded at two different 309 
mixing times (150 and 250 ms). Final constraints were obtained by averaging the upper and 310 
lower distance bounds in all the MARDIGRAS [5] runs. Qualitative limits of 1.8 Å and 5 Å 311 
were set in those distances where no quantitative analysis could be carried out, such as 312 
overlapping cross-peaks or those with a very weak intensity. In addition to these experimentally 313 
derived constraints, Watson-Crick hydrogen bond restraints were used. Target values for 314 
distances and angles related to hydrogen bonds were set as described from crystallographic 315 
data. No backbone angle constraints were employed. Distance constraints with their 316 
corresponding error bounds were incorporated into the AMBER potential energy by defining 317 
a flat-well potential term. 318 
Thermodynamic Integration 319 
List of all MDB protein-DNA complexes that were subject to thermodynamic integration 320 
calculations to establish the differential free energy of binding for methylated and 321 
hydroxymethylated DNA.  322 
 323 
MDB Starting structure DNA sequence 
MBD1 PDB ID 1GI4 GTATCmCGGATAC 
 
MBD2 PDB ID 2KY8 GGAATmCGGCTC 
MBD3 Homology modelling  
PDB ID 2MB7 (protein)  
GGCGCTmCGGCGGC 
 
MeCP2 PDB ID 3C2I ATAGAAGAATTCmCGTTCCAG 
 
 324 
For each complex we performed 200 ns of MD simulations to accommodate the newly 325 
introduced modification (hmCpG) at the central mCpG base pair. To calculate the binding free 326 
energy we use a thermodynamic cycle (Figure 7) and compute the reversible work associated 327 
to the alchemical transformation between between DNA with hydroxymethylated and 328 
methylated cytosines, both in the protein-bound and in the unbound state. For the unbound 329 
state we used the same DNA sequence found in the protein complex, and since the MBD 330 
proteins are not affected by the cytosine modification in the unbound state, they were not 331 
included in the calculations related to such state.  332 
 333 
Sequences 334 
List of all DNA sequences that were subject to MD simulations and experiments were C* is 335 
unmodified, methylated and hydroxymethylated respectively. 336 
 337 
MD Simulation + NMR (without 
terminal CG) + Melting 
Temperature 
CGCGAC*GACGCG 
MD Simulation CGCGAC*GCCGCG 
MD Simulation CGCGAC*GGCGCG 
MD Simulation CGCGAC*GTCGCG 
MD Simulation CGCGCC*GACGCG 
MD Simulation CGCGCC*GCCGCG 
MD Simulation CGCGCC*GGCGCG 
MD Simulation CGCGGC*GACGCG 
MD Simulation CGCGGC*GCCGCG 
MD Simulation + NMR  CGCGTC*GACGCG 
Nucleosome Reconstitution and 








Nucleosome Reconstitution and 

















Supporting References 341 
 342 
1.  Dans PD, Balaceanu A, Pasi M, Patelli AS, Petkevičiūtė D, Walther J, et al. The static 343 
and dynamic structural heterogeneities of B-DNA: extending Calladine-Dickerson 344 
rules. Nucleic Acids Res. 2019;47: 11090–11102. doi:10.1093/nar/gkz905 345 
2.  Beaucage SL, Caruthers MH. Deoxynucleoside phosphoramidites-A new class of key 346 
intermediates for deoxypolynucleotide synthesis. Tetrahedron Lett. 1981;22: 1859–347 
1862. doi:10.1016/S0040-4039(01)90461-7 348 
3.  Anderson JD, Widom J. Sequence and position-dependence of the equilibrium 349 
accessibility of nucleosomal DNA target sites. J Mol Biol. 2000;296: 979–987. 350 
doi:10.1006/jmbi.2000.3531 351 
4.  Pérez A, Castellazzi CL, Battistini F, Collinet K, Flores O, Deniz O, et al. Impact of 352 
Methylation on the Physical Properties of DNA. Biophys J. 2012;102: 2140–2148. 353 
Available: http://dx.doi.org/10.1016/j.bpj.2012.03.056 354 
5.  Borgias BA, James TL. MARDIGRAS-A procedure for matrix analysis of relaxation 355 
for discerning geometry of an aqueous structure. J Magn Reson. 1990;87: 475–487. 356 
doi:10.1016/0022-2364(90)90305-S 357 
 358 
